Phenylalanine restriction has been used in the treatment of the metabolic and mental disorders of phenylketonuria with conflicting results. Bickel, Gerrard and Hickmans (1953) reported the first successful treatment of a child aged 31 who was observed for 12 months in hospital and at home. The biochemical abnormality of phenylpyruvic acid in the urine was corrected in this patient, but evidence of prolonged biochemical normality was not given, and, although the improvement in her mental condition was promising, prolonged psychological tests were not done. Woolf, Griffiths and Moncrieff (1955) reported studies of three further children for six to nine months, in whom satisfactory mental and biochemical improvements were found. Less conclusive advance in the mental state was observed by Armstrong and Tyler (1955) despite apparently normal biochemistry in the serum and urine in five children aged 9 months to 41 years.
Confusion also persists regarding the longer-term effects of phenylalanine restriction on the physical, biochemical and mental states of these children and adequate criteria of control and assessment have not been clearly defined. Some workers have used synthetic diets with pure amino-acids; others have given casein hydrolysates low in phenylalanine as the source of nitrogen. The ages of the children treated have varied considerably, and the initial degree of mental defect has not always been clearly described.
It is the purpose of the present paper to confirm that apparent biochemical normality can be obtained, with normal growth and physical development for long periods, using diets very severely limited in phenylalanine, and to assess critically the mental progress attained in a group of six children treated for up to three years with such diets.
Dietary Control
The preliminary studies in one child (Sheila) were reported by Bickel et al. in 1953: this child has since remained at home on the diet with frequent hospital visits. More accurate control of the diet has been achieved in the Metabolic Research Unit for long periods in two children, Michael and Robin. In these children weight was measured daily and frequent determinations of plasma and urine phenylalanine were carried out by microbiological assay (Henderson and Snell, 1948) . The urine and stools were collected over 24 to 48-hour periods on a specially designed metabolic bed (Blainey, 1956 ).
These specimens were analysed for total nitrogen by the micro-Kjeldahl method and the nitrogen intake was checked by digestion and Kjeldahl analysis of diets. Urine creatinine was determined as a rough check on the completeness of the collections of urine.
The dietary intake was unchanged throughout apart from variations designed to observe the effect of changes in calory, carbohydrate and phenylalanine intakes. The main source of nitrogen in the diet has been a casein hydrolysate low in phenylalanine,* from which tyrosine, cystine and tryptophane have also been largely removed during manufacture. The casein has been given in a blancmange of the following composition:
Phenylalanine-low hydrolysate L-tyrosine Lcystine L-tryptophane Salt-free margarne e . Cane sugar .
. Gluten-free starch .
Water to make up to 600 ml. PHEN YLALANINE-RESTRICTED DIETS FOR PHEN YLKETONURIA sample of urine was tested with ferric chloride for phenylpyruvic acid and by paper chromatography for phenylalanine and other amino-acids. The urine was also examined for tryptophane derivatives by a modification (Leyton, 1956 ) of the method of Dalgliesh (1955) .
Mental Testing All the testing was carried out by one of us (R.G.). Several tests have been required in order to cover the range of mental ability from 5 months to 6 years. One child has been tested annually on the new revised Stanford-Binet scale (Terman and Merrill, 1937) . The main difficulty has been the comparable measurement of mental ages below 2 years. The Griffiths method of testing the abilities of babies (1954) is the most satisfactory for this purpose, but was not available until much of this work was completed. Assessments were also made with the Buehler tests (Buehler and Hetzer, 1935) , with Gesell's developmental schedules (Gesell and Amatruda, 1941) and with the Vineland social maturity scale (Doll, 1935) .
The Buehler tests were found useful since the test materials, e.g., bells, rattles, tops, etc., are attractive to mentally retarded children, but the system has several drawbacks, notably the lack of speech items, and tends to over-estimate development in this type ofcase. The he seemed otherwise normal. Phenylpyruvic acid was present in large amounts in the urine, the daily phenylalanine output was greatly raised, and plasma phenylalanine was 42 mg./100 ml. (Fig. 2) . Haemoglobin was 11 6 g./100 ml., r.b.c. 4,300,000/c.mm.: p.c.v. 360o m.c.v. 82 cu.u±: plasma proteins 7-0 g./100 ml., with a normal electrophoretic pattern. Radiographs of the skull and wrists showed no abnormality, with a bone age consistent with chronological age (Acheson, Kemp and Parfit. 1955) . Shortly after admission he developed bronchopneumonia, which was successfully treated with penicillin. He also developed a mild dysentery due to Giardia lamblia and Shigella sonnei infection which responded to treatment. During the following four weeks on normal diet he gained 2-3 kg. in weight, and was in positive nitrogen balance (Fig. 2) . Urine phenylalanine and phenylpyruvic acid remained unaltered: there was a mild generalized amino-acidura and excess tryptophane derivatives were found on paper chromatography (Table I) . Phenylalanine restriction was started on January 23, 1955, at first without a milk supplement, when the weight fell. One hundred millilitres of milk daily was insufficient to permit gain in weight, so the amount was increased to 150 ml. per day (total phenylalanine intake 250-270 mg. day). Blood and urine chemistry reverted rapidly to normal on this diet, and remained normal, with a considerably greater gain in weight than expected for his age during the next three months. On admission to hospital, Michael was below 6 months in mental age. He could neither sit nor crawl; he could grasp at rings held in his line of vision and within his reach. In the following 14 months, he learned to sit up, to stand, to walk, to respond with affection to people around him, to respond to toilet training and to make some progress in speech sounds.
ARCHIVES OF DISEASE IN CHILDHOOD
Case 2. Sheila, born on October 1, 1949, was first admitted to the Children's Hospital, Birmingham, under the care of Professor Smellie, on September 25, 1951. She was the third child of normal, unrelated parents, and had been normal at birth. She sat up at 9 months, but was thought to be backward. On admission (age 2) she was unable to sit for long, could stand with support and could neither walk nor talk. There were frequent head banging movements. She was well nourished and showed no abnormal physical signs. The typical biochemical features of phenylketonuria were present ( Fig. 3) . She was first treated on a phenylalanine-free diet, and later on a restricted intake, with marked improvement especially in awareness and in motor activity. These changes were reported in detail by Bickel et al. (1953) January, 1954 . He was the first child of healthy parents, who were second cousins. He was normal at birth but started to have convulsions at the age of 6 months, which had continued about twice monthly until admission. The attacks were all similar, with clonic spasms of the hands and legs and convergent movements of the eyes which lasted for a few seconds. He sucked normally, took solid food at 9 months, but at 5 years was unable to stand, feed himself or talk. He was difficult to examrine, crying readily on any interference. The teeth were ground down and widely spaced: the heart, lungs and abdomen appeared normal and there were no abnormal signs in the upper limbs. The lower limbs were hypotonic, and the reflexes impossible to test. The urine contained excess phenylalanine, and there was a strongly positive ferric chloride reaction.
On a phenylalanine-free diet he lost weight, and vomited so 150 ml. milk was added daily but as phenylpyruvic acid reappeared in the urine the milk was reduced to 100 ml. The addition of 5 g. phenylalanine to his diet caused marked deterioration, the child becoming weak and miserable and making little attempt to move. Similar findings were seen in Sheila on large doses of phenylalanine (Bickel et al., 1955 (Table 7) when he was discharged home. The parents were un;onvinced that there was any mental abnormality (in relation to Malcolm, their other child, this view was understandable) and were reluctant to continue w'ith any dietary restriction. Robin was therefore given a highcalory, low-protein intake, calculated to give 500-600 mg. phenylalanine per day. He has been seen regularly in keep urine and plasma phenylalanine at normal levels and to allow normal growth (Fig. 5) provided that adequate calories were supplied (see below). This intake also permitted excessive growth rates in the earlier periods when the child had been grossly undernourished. Higher levels of phenylalanine intake resulted in a rise in the plasma level and in urinary excretion of phenylalanine, followed by the excretion of phenylpyruvic acid.
This level of intake also permitted normal accumulation of nitrogen in a growing child. In Michael, during the periods when calory intake was adequate (February-May, 1955, and November-May, 1956 ), mean positive nitrogen balances of I1 16-0 34 and 160=0-52 g. day were recorded. The average weight gain for this period was 8 g. day and simultaneous measurements of the fat fold thickness (method of Edwards, Hammond, Healy, Tanner and Whitehouse, 1955) suggested that there was no gain in fat at these periods, and that therefore the weight ARCHIVES OF DISEASE IN CHILDHOOD gain was largely protein. Information relating weight gain to nitrogen balance at this age could not be found in normal children, much less in those mentally backward whose energy requirements may be greater. However, the estimate of 3-80 /nitrogen in the fat-free body weight of a child aged 4! (Widdowson, McCance and Spray, 1951) would suggest that the nitrogen gain: weight gain ratio of 1: 8 in this child was unusually high, although as there are large standard errors for the mean daily nitrogen balance, the figures are not inconsistent. Clearly, further studies of this type are needed to interpret the significance of these findings, but they do indicate that protein and weight accumulation can take place at normal rates for prolonged periods even with such drastic limitation of phenylalanir.e intakes.
ACE (YEARS)
FIG. 5.-Weight and height records for Michael while on restricted diet compared %ith standard figures (Acheson et al., 1955) .
The phenylalanine contents of body proteins are thought to be relatively constant, ranging from 2-6 g./100 g. protein (or per 16 g. nitrogen) for keratins to 8 5 g./100 g. for haemsoglobin, with a mean value of 5-5-0 9 (Block and Bolling, 1951) .
During the periods of weight gain and positive nitrogen balance, the phenylalanine excretion in the urine rarely exceeded 10 mg. per day in the two cases studied in detail. The intake was approximately 260 mg./day, and if the whole of the retained amino-acid was utilized for body protein formation, the expected nitrogen balance would be 250 x 16 -5 -00 0 73 g./day. This figure agrees well with those observed in Robin, but is lower than those found in Michael, although not at a significant level of difference. The important conclusion would appear to be that intakes of phenylalanine of 15 mg./kg./day are fully adequate to permit normal growth and formation of protein of normal composition in the body. This figure is substantially less than the estimated requirements for a normal adult, i.e., 20-22 mg./kg./day (Rose, 1949) . No figures are available for growing children, but it is usually stated that their nitrogen and amino-acid requirements are greater. In the present series, the phenylalanine intakes were appreciably higher until it was realized that normal plasma levels could only be achieved with limitation of this degree. Woolf et al. (1955) gave intakes of 24 to 32 mg./kg./day to three children and observed that the plasma phenylalanine was slightly above normal on semiquantitative estimation on paper. The figure of 15 mg./kg. is also indicated by the work of Armstrong and Tyler (1955) as the requirement for maintaining normal weight gain. It would seem preferable to keep the plasma and urine phenylalanine at normal levels, since in Michael it was observed that the rises which occurred during the periods of carbohydrate restriction were associated with slowing of his activities and with the appearance of abnormal indole derivatives in the urine.
The importance of the high carbohydrate intake needs to be stressed, since on two occasions when this was reduced the plasma and urine phenylalanine was increased. The effect was originally thought to be due to the reduction of calories from 110 to 95 cal. /kg.,/day but as it did not follow a corresponding reduction in the calories supplied by fat, it seemed that a specific deficiency of carbohydrate was responsible. Normal children are said to require 80-100 cal./kg.,/day. although there are few studies available for the younger ages. Satisfactory weight gain was observed in children of the age of 4 by Holt and Fales (1921) on 75 cal.kg./day and the level of 95 cal./kg./day apparently required by Michael seemed unduly high. It has usually been considered that calory requirements are the prime consideration, and little attention has been paid to the proportions of fat and carbohydrate, other than that required to make the diet palatable. In Michael, the total nitrogen intake was low (4 8 g./day) and the average carbohydrate 230 g./day, so the high requirements of the latter may be due to the limited intake or to nitrogen restriction. It also remains possible that these changes are brought about by calory limitation, if fat is not available readily as a source of energy. Under these circumstances, body protein is likely to be drawn upon for energy requirements, and the phenylalanine content of the latter cannot be metabolized satisfactorily by these patients, with a resulting rise in plasma and urine phenylalanine. There is as yet insufficient evidence to decide as to which of these possibilities is the correct interpretation of the observed facts.
The periods of biochemical abnormality emphasize the limitations of the ferric chloride reaction for phenylpyruvic acid in the urine as a test for adequate biochemical controL since it was often negative with appreciably raised plasma phenylalanine levels. It is, however, of great value as a diagnostic aid where the plasma phenylalanine appears always to be grossly raised. The microbiological assay determinations of plasma and urine phenylalanine levels appears therefore to be the only satisfactory index of control at present available. Boscott (1955) observed that o-hydroxyphenyl acetic acid appeared in the urine chromatogram on the two occasions on which the urine phenylalanine was rising in MichaeL at a time when no other abnormalities were found; this may therefore be a more sensitive index of excess phenylalanine in the diet.
It has been suggested that abnormalities of tryptophane metabolism which have been observed in these cases (Armstrong and Robinson, 1954) may be responsible for the mental defect, since the association of plasma phenylalanine level and the degree of mental defect is clearly not simple. In Michael and Robin, these abnormal substances were found in the urine before treatment but were completely corrected by limitation of phenylalanine alone (Leyton, 1956) . The hitherto unidentified 'blue spot' obtained with Ehrlich's reagent on paper chromatograms run in isopropyl alcohol-ammoniawater and in butanol-acetic-acid-water systems may also be a valuable index of early biochemical abnormality since it was present in Michael's urine before treatment and on both occasions when the biochemical control was inadequate. These abnormalities of tryptophane metabolism are also present in the two children seen with much higher I.Q. levels than any of the six described (Cases 7 and 8 in Fig. 7 and appendix) so that the precise relationship of the biochemical defects to the mental defect is still not clear.
Mental Changes. The long-term mental improvement in these children was limited, although it must be emphasized that except in the case of Michael, and for short periods in Pauline and Robin, the biochemnical control was often inadequate by the standards defined. Two of the children showed a striking initial improvement with progress rates appreciably greater than before treatment. In 15 months Michael improved from a mental age of less than 6 months to a 12-month level of development, representing a gain of 30 weeks in 65 weeks. This was a rise of 9 points in the full-scale quotients, which represented an all-round improvement. Sheila gained five months of mental age in the first year of testing, the improvement being most marked in locomotion and manipulation and slowest in speech and personal-social aspects. This improvement was observed after she had been on the diet for 15 months and did not therefore represent an initial spurt at the beginning of treatment. Unfortunately, since the home conditions were complicated by the birth of another child, the dietary control became seriously inadequate, and her subsequent progress became much slower.
In two of the children there was little change on the restricted diet and no immediate difference followed when they were returned to normal intakes of phenylalanine. Both were over 5 years old when first treated and one was subject to numerous fits.
The oldest child, Sylvia, showed an increase of motor activity on the diet but even after a year of fairly careful controL her behaviour was not sufficiently organized to permit formal testing. She presented a bizarre pattern of behaviour showing marked withdrawal similar to a psychotic patient.
The experience with these cases suggests that the age at which treatment is started is of the greatest importance. When Six cases of phenylketonuria have been treated for periods of up to four years with phenylalanine restriction. In two, it has been possible to conduct detailed metabolic studies of weight, nitrogen balance, plasma and urine levels of phenylalanine, together with studies of the excretion of indole and phenolic compounds.
The abnormality of raised plasma and urine phenylalanine, together with the abnormal metabolic products of phenylalanine and tryptophane metabolism, can be completely corrected by sufficiently limiting phenylalanine intake to levels of 15 mg./kg./day. On this intake, normal weight gain and nitrogen balance and body protein formation can be attained for long periods.
High carbohydrate diets are essential in the treatment of phenylketonuric children on restricted phenylalanine intakes. An intake of 110 cals./kg./ day should be aimed at, and 7000 of this should be in the form of carbohydrate.
The practical difficulties of the management of the diets at home has led to inadequate control for long periods in the out-patients. Cases treated in hospital or in mental defective colonies have been satisfactorily controlled when the factors of optimal calory and phenylalanine intake have been ascertained.
Mental testing gave clear evidence in two cases of acceleration in the rate of development. In one case this was not maintained owing to inadequate dietary control at home; in the other, the acceleration has been maintained. This child, treated with strict dietary control for 15 mionths in hospital, has shown an advance in mental level of seven months with a slight but significant rise in I.Q.
In three cases, more limited changes were observed, in particular, the achievement of locomotion, increased awareness of surroundings and a diminution of mannerisms and habitual movements. Two of these were more than 5 years old when treated and the experience with them strongly suggests that treatment must be started at a much earlier age. The third case with good biochemical control failed to show marked improvement except in locomotion. Return to normal diet resulted in regression to pre-treatment behaviour in one case; a slight deterioration in behaviour in another; and little noticeable change in a third.
We wish to thank the physicians of the Children's found to be as severe as that observed in the other children. Her plasma phenylalanine level varied from 38 to 48 mg./10 ml., with a considerably raised excretion of phenylalanine in the urine and with a daily excretion of 500 to 650 mg. of phenylpyruvic acid. She was placed on a low-protein diet giving about 700 mg. phenylalanine per day and has remained on this writhout appreciable change in the biochemical abnonnality.
In 1955 after three years of schooling in a normal infant school, she was reported to be little trouble. She could take messages in school, played well with educational toys and was more independent. At home, she looked after herself in toilet matters, went to school unaccompanied and helped with home tasks. Mental testing showed that she was maintaining her status as a high-grade educationally subnormal child (I.Q. = 71) and was making satisfactory pregress (see Fig. 6 ). She was admitted to the Metabolic Unit on April 4, 1956, when detailed studies were carried out on a measured normal dietary intake of phenylalanine (about 3-0 g./day). The plasma phenylalanine level was 25 mg./100 ml. and the urinary excretion of phenylalanine averaged 900 mg./day. In all, about 85%' of the phenylalanine administered in the diet was accounted for by retention in the body in the formation of protein or by excretion as phenylalanine, phenylpyruvic and phenyl-lactic acid (Jefford and Blainey). Abnormalities of tryptophane metabolism were also found in the urine and were qualitatively similar to those found in Michael, although there were quantitative differences. Unfortunately an attempt to put the child on to the phenylalanine-restricted diet were unsuccessful owing to her age and greater intelligence, the bitter taste of the hydrolysate being greatly resented. She was therefore discharged home on a low-protein diet and further observations of her progress are to be made.
